tropics of the world, and it can produce yield in waterstressed environments where grain sorghum fails (BOS-TID, 1996) . W inter wheat-fallow is the prevalent cropping Evapotranspiration, the water removed from soils by system in the semiarid Central Great Plains, and evaporation and plant transpiration, is directly related water is the most limiting resource for dryland crop to yield in most cereals. Reduction in yield may occur growth (Smika, 1970) . Producers in this region include when irrigation and rainfall combined are insufficient summer fallow in the rotation to stabilize crop producto meet ET demand. Smaller plants transpire less water tion in a highly variable climate (Lyon et al., 1995) .
than larger ones because ET increases with increases in However, precipitation storage efficiency during fallow leaf surface area (Cothren et al., 2000) . Timing of water is least during summer periods when precipitation is supply generally has a larger effect on grain yield than greatest (Farahani et al., 1998; Anderson et al., 1999) .
total water for many crops (Shaw, 1988) . Both pearl Therefore, a different approach to water conservation millet and grain sorghum productivity are most sensitive and efficient use of precipitation is needed. The most to water stress during flowering and grain filling (Garrity direct and practical solution to improving efficient use et al., 1983; Hattendorf et al., 1988) . Studies on irrigated of precipitation may be to include a summer crop in the pearl millet are limited and focused on a single irrigation year following winter wheat that would make better use without consideration of soil water content before irriof summer precipitation (Peterson et al., 1996) . Studies gation (Chaudhuri and Kanemasu, 1985) . We hypothehave been conducted to investigate more intensive crop management systems involving alternative summer sized that pearl millet would yield better under water crops in rotation with winter wheat (Anderson et al., stress or shorter growing season conditions than grain 1999; Farahani et al., 1998; Norwood, 1999; Plett et al., sorghum and that the two crops may differ in their 1991). High temperatures and potential evapotranspiraresponse to a range of environmental conditions. The range of environmental conditions included years, locations, and water regimes. The latter is the most limiting At Mead, the decision to irrigate in all irrigation treatments crops: a pearl millet hybrid '68A ϫ 086R', one of the last was based on physical observation of crop stress and soil water pearl millet hybrids released by the breeding program at the content using the feel method (USDA-NRCS, 1998). Furrow University of Nebraska Lincoln, and a grain sorghum hybrid, irrigation was used, with flow rate being controlled by ad-'DK 28E', with a short maturity cycle similar to pearl millet.
justing the irrigation pump speed and openings. At the beginThe experimental designs for the two sites were different due ning of each irrigation, water was applied at the greatest rate to difference in irrigation systems. At Sidney, the irrigation
(1 200 Ϯ 20 L min
Ϫ1
) that could be used without causing system was a self-propelled, lateral-move system with indiexcessive erosion of the furrow, followed by slower applicavidually controlled drop nozzles, which allowed the experition. Multiple-irrigation plots were irrigated on 25 July, 14 ment to be conducted as a randomized complete block design Aug., 16 Aug., and 30 Aug. in 2000 and on 26 July, 3 Aug., with four replications. Plot size was 9.12 m (12 rows) wide and 22 Aug. in 2001. Main plots were irrigated on 25 July and 14.2 m long with 3-m alleys between plots. At Mead, a 2000 and 3 Aug. 2001 for boot irrigation treatments and on furrow irrigation system was used, and the experiment was 16 Aug. 2000 and 22 Aug. 2001 for mid-grain fill irrigation conducted as a randomized complete block design with a treatments. Each irrigation brought the soil profile to field casplit-plot treatment arrangement and four replications. The pacity. whole-plot treatments were the four water regimes, and the At Sidney, two 1.52-m-long aluminum access tubes were split-plot treatment was crop. Plot size was 6.8 m wide (nine installed in the central area of each plot. A neutron probe rows, 76 cm apart) and 9.1 m long.
(Campbell Pacific 503 DR, Campbell Pacific, Pacheco, CA) At Sidney, both pearl millet and grain sorghum were nowas used to monitor soil moisture weekly in 30-cm increments till-planted into wheat stubble using a 76-cm row spacing.
during the growing season and immediately after harvest. Soil Crops were planted on 8 June 2000 and on 11 June 2001. Pearl water content in the surface 30 cm was measured gravimetrimillet plots were thinned 3 wk after planting. Final plant stands cally. In all irrigated treatments, water was applied to bring were 111 700 Ϯ 6 890 plants ha Ϫ1 for pearl millet and 112 500 Ϯ the soil water level to 80% of the available soil water capacity 6 890 plants ha Ϫ1 for grain sorghum in 2000 and 135 200 Ϯ (318 mm for 152 cm soil profile). Water was applied whenever 10 880 plants ha Ϫ1 for pearl millet and 126 800 Ϯ 10 880 plants available soil water fell below 70% of available soil water ha Ϫ1 for grain sorghum in 2001. Soil test results indicated that capacity in the multiple-irrigation treatment. Soil available N application was not needed in either year. However, 45 kg water capacity was defined as the difference between the N ha Ϫ1 was hand-broadcasted as urea (46-0-0) to all plots amount of soil water at field capacity and the amount at the before planting in 2000. Weeds were controlled with propazine wilting point and was 318 mm for the surface 1.5 m of soil.
Water applications were made in 25-mm increments. Water applied pre-emergence at 1.12 kg ha Ϫ1 and by hand hoeing. applications were made with a 1-d interval between applicaAt Mead, the experimental area was fall chisel-plowed, field tions to avoid runoff. The entire experiment was irrigated with cultivated, and roller packed before planting to prepare a 25 mm of water after planting to promote germination in 2000. seedbed. Pearl millet and grain sorghum were planted in 76-cm
The initial water measurement was made after this application.
A total of 305 mm of water was applied in the multiplerows on 1 June 2000 and 18 June 2001 at 215 000 Ϯ 10 500 
RESULTS AND DISCUSSION
Evapotranspiration, considered to be water used (WU),
The 30-yr average growing season rainfall at Mead is was estimated using WU ϭ SWP ϩ GSP ϩ AW Ϫ SWH Ϫ 68% greater than at Sidney (Tables 2 and 3 ). During R, where SWP is soil water at planting, GSP is growing season precipitation, AW is applied water, SWH is soil water at harthe 2 yr of this experiment, high and low temperatures vest, and R is deep percolation and runoff. Observations sugwere near long-term averages at Mead and slightly gested that deep percolation and runoff were negligible in this greater than average at Sidney (Tables 2 and 3 ments, the boot stage was reached at 706 growing degree gree-of-freedom contrasts were performed using SAS procedures. Linear regression analysis was used to determine the days (data not presented). 
Grain and Biomass Yields
Hartley's test for homogeneity of variances (Dowdy and Wearden, 1991) indicated that across-years analysis Grain and aboveground biomass yields for pearl milwas appropriate for Mead data but not Sidney. Water let and grain sorghum were greater at Mead than at regime and crop ϫ year interaction effects were present Sidney (Table 4) . Crop and water treatments did not for grain and biomass yield at Mead. In the no-irrigation interact for grain or aboveground biomass yields at eitreatment at Mead, pearl millet grain yield was about ther location. Pearl millet yielded less than grain sor-91% of grain sorghum yield, which is greater than the ghum in both years and locations. The grain yield differ-80 to 85% reported by Andrews et al. (1998) and Chrisence between the two crops was greatest in 2000 at tensen et al. (1987) . Compared with the no-irrigation Sidney where pearl millet yield averaged 46% of the treatment, irrigation increased grain yield, but not average grain sorghum yield. Pearl millet aboveground aboveground biomass, of both crops. However, the inbiomass was also less than that of grain sorghum at crease in pearl millet grain yields was less than that of Sidney in 2000. Andrews et al. (1998) reported that grain sorghum. A single irrigation at the boot stage when grown in sorghum production environments in increased pearl millet grain yield by 2% and grain sorthe Great Plains without irrigation, pearl millet yields ghum yield by 13% compared with no irrigation. With were 80 to 85% of grain sorghum hybrids of comparable this treatment, pearl millet grain yield was about 82% maturity, averaging 2 to 3 Mg ha Ϫ1 in regional tests. In that of grain sorghum. When water was applied at mid-2001 at Sidney, and 2000 and 2001 at Mead, overall grain fill, pearl millet and grain sorghum produced 10 pearl millet grain yields were 78, 84, and 82% of grain and 19% more grain than with no irrigation. In the sorghum yields, respectively (Table 4) .
multiple-irrigations treatment, pearl millet produced Irrigation increased grain yield at both locations in 8% more than with no irrigation. Grain sorghum in the both years (Table 4 ), but biomass production was inmultiple-irrigation treatment produced 6.7 Mg ha Ϫ1 , an creased by irrigation only at Sidney in 2000. Single irincrease of 26% compared with the no-irrigation treatrigation at boot and mid-grain fill stages resulted in ment. In the multiple-irrigation treatment, pearl millet less grain and aboveground biomass yields compared grain yield was 78% of grain sorghum yield. with the multiple-irrigations treatment at Sidney. Even Pearl millet was less responsive than grain sorghum though these are the most sensitive stages to water to irrigation. Pearl millet had lower grain yield than stress, both crops responded to irrigation at all growth grain sorghum in all of the wide range of production stages. At Mead, grain yield with a single irrigation environments resulting from the 2 yr, two locations, and was similar to that obtained with the multiple-irrigation four water regimes. Our experiments using new hybrids support and extend previous reports that found that treatment in 2000. In 2001, with less June and July pregrain sorghum is better adapted than pearl millet in cipitation, supplemental water at boot and mid-grain eastern Nebraska (Palé et al., 2003) and Kansas (Chaudfill stages was inadequate to produce grain yield equal huri and Kanemasu, 1985; Christensen et al., 1987) . This to the multiple-irrigations treatment. Grain yield was included the high-elevation, short growing season, lowgreater with a single irrigation at mid-grain fill than at rainfall environment in western Nebraska and a wide boot stage at Sidney while at Mead in 2000, greater range of production environments resulting from imposgrain yield was produced with irrigation at the boot ing different water regimes at both locations. stage. No grain yield difference between boot and midgrain fill water applications was present at Mead in 2001.
Water Use and Water Use Efficiency
The two single irrigation treatments produced the same amount of aboveground biomass in both locations durPearl millet and grain sorghum under the different irrigation treatments did not differ in water use; crop ϫ ing the 2 yr of study. irrigation treatment interaction effects on water use ocIn both years, pearl millet and grain sorghum grain yield increased linearly with increased water use at Sidcurred in 2000 but not 2001 at Sidney (Table 5 ). The interaction in 2000 was due to grain sorghum using ney (Fig. 1 ). Both pearl millet and grain sorghum used water more efficiently in 2001 than in 2000 for the pro-18 mm more water with a single irrigation at boot stage than with a single irrigation at mid-grain fill while water duction of grain and biomass (Table 4) . Pearl millet used the same amount of water as grain sorghum but use was similar for pearl millet for the same irrigation treatments. More water was used by pearl millet and produced less grain yield. Therefore, pearl millet had lower WUE than grain sorghum, except for biomass grain sorghum in 2001 than in 2000 due to greater soil water availability at planting and greater rainfall during WUE in 2001. Pearl millet grain WUE was only 41% that of grain sorghum, but biomass WUE for pearl millet the growing season in 2001 ( Table 2 ). The amounts of water used by the two crops were similar to those rewas 81% as efficient as that for grain sorghum in 2000. Water use efficiency was greater for both crops in 2001. ported by Hattendorf et al. (1988) and less than reported by Chaudhuri and Kanemasu (1985) for well-watered Pearl millet and grain sorghum had the same biomass WUE, but pearl millet grain WUE was 78% that of conditions. In our experiment, the two crops did not differ in the amount of water used during the two growgrain sorghum in 2001. It was expected that pearl millet would have similar or better grain yield than grain soring seasons even though grain sorghum produced more grain yield in both years and greater biomass in 2000. ghum in 2000. Pearl millet was able to improve its yield and WUE with improved conditions. Christensen et al. The two crops did not differ in soil water depletion; the soil water content at planting (201 Ϯ 3 mm in 2000 and (1987) found that in unfavorable environments, pearl millet had better yield, and its response to changing 239 Ϯ 2 mm in 2001 for pearl millet and 204 Ϯ 3 mm in 2000 and 238 Ϯ 2 mm in 2001 for grain sorghum) environment was similar to that of grain sorghum. Grain sorghum had a more stable and consistent response to and after harvest (123 Ϯ 2 mm in 2000 and 168 Ϯ 3 mm in 2001 for pearl millet, 122 Ϯ 2 mm in 2000, and 163 Ϯ water use and production than pearl millet in this study. Water use efficiencies were influenced by water re-3 mm in 2001 for grain sorghum) were similar in both years.
gime treatments only in 2001. In 2000, crops in the noirrigation treatment had similar biomass WUE but Water use at Sidney was influenced by irrigation in both years. Differences in water use among water treatlower grain WUE than when supplemental water was applied (Table 5) . Crops in the no-irrigation treatment ments were greater in 2000 than in 2001. The amount of water used by the crops in the no-irrigation and singlehad lower grain WUE, and greater biomass WUE in 2001, indicating that supplemental water helped inirrigation treatments was always less than with the multiple-irrigation treatment (Table 5) . These results indicate crease the proportion of grain relative to total biomass (i.e., the harvest index). that even with the good rainfall conditions of 2001, water requirement of the two crops was not fulfilled in the Pearl millet had a greater change in biomass WUE to grain WUE ratio than grain sorghum, with a change no-irrigation or single-irrigation treatments. Even though the two crops are drought tolerant, they are able to use from 4.7 in 2000 to 3.8 in 2001, while for grain sorghum, this ratio changed from 2.4 in 2000 to 2.9 in 2001. These additional water to increase yield. More water was used when supplemental water was applied at mid-grain fill results are similar to what was reported by Chaudhuri and Kanemasu (1985) . Pearl millet was less efficient than when applied at boot stage, but this difference was not significant in 2001. These results indicate that the than grain sorghum in partitioning photoassimilates to grain. crops' water demand was likely greater during this period because of greater water demand for kernel growth.
Harvest index is a parameter for interpreting agro- nomic data with stress effect differences. Prihar and night temperature. In both environments, pearl millet Stewart (1991) suggested that harvest index can be apgrain yields were 60 to 80% that of grain sorghum. At plied as a reference for interpreting useful parameters Sidney, pearl millet grain yields were much greater in for comparing crop species or cultivars for their capabil-2001 than in 2000 despite lower night temperature durity to partition photoassimilates to grain within a given ing the pollination period. This indicated that environenvironment. Hay and Walker (1989) observed that mental factors other than low temperature were likely grain growth can be unresponsive to increased assimithe reason for pearl millet's low yield in 2000. Pearl late supply resulting in sink limitation even though its millet and grain sorghum responded to irrigation with final weight does not reach the potential of the cultivar. a linear increase in grain yield as water use increased. The lower harvest index for pearl millet may not be Irrigated environments produced greater grain yield for due to source limitation, but rather to the high tillering both crops, especially grain sorghum in 2001. Single capacity of pearl millet. New tillers compete with grain irrigation increased grain yield but was not enough to fill for photoassimilates, particularly when they are unreach the yield obtained with multiple irrigation. With der limited water conditions. In this case, the tillering greater grain yield, grain sorghum had greater WUE on capacity becomes a disadvantage for pearl millet grain a grain basis. A single irrigation at mid-grain fill led to production. Another reason may be pearl millet grain similar WUE as multiple irrigations. set was limited by low temperature during flowering, as suggested by Christensen et al. (1987) . However, during Pearl millet may have lower yield potential across the the flowering period in August, temperatures were wide range of environments as a result of limited plant greater in 2000 compared with 2001, but grain yields breeding research. Pearl millet production was also less were much greater in 2001, indicating that low temperastable and more affected by unfavorable environmental tures were not the reason for the reduced yields in 2000.
conditions than grain sorghum production, primarily During the pollination period, greater ET p was the most due to instability in harvest index. Pearl millet does not probable reason for low yield in 2000.
have the potential to be a substitute feed-grain crop for grain sorghum in Nebraska at this time. In addition to CONCLUSION market development needs, additional plant breeding efforts are needed to develop greater-yielding hybrids Pearl millet and grain sorghum yields were greater in before pearl millet will become a viable crop alternative eastern than in western Nebraska due to better environmental growing conditions, greater rainfall, and higher in Nebraska.
